Contamination heterogeneity is caused by the existence of "hot" particles with an activity of up to 10-11 Ci/particle.
Introduction
• stratification -neutral.
For determining radiation exposure in the area surrounding the combine, two teams of experts of the Institute for Hydrometeorology and Environmental Monitoring, Division West Siberia (ZapSibgidromet), were established. The field measurements were performed at 16 villages and every 300 to 500 m on the roads from Tomsk to Samus and from Tomsk to Nelyubino. The highest contamination was found to exist on the road from Tomsk to Samus. Beginning at km 20, a strong increase in the gamma dose rate was observed. Maximum gamma dose rate was recorded at km 28.6, while high values were still measured up to km 31.
On the basis of the hydrometeorological data and the field measurements, the ZapSibgidromet and Rosgidromet experts were then able to determine the contaminated area within the 30-km zone surrounding the chemical combine. As assumed by the experts, the trace of the radioactive cloud was directed towards the northeast having a length of up to 20 km [2, 3] .
Then, the trace dimensions as well as ground contamination inside the "spot" generated had to be determined more precisely. Appropriate methods had already been developed by the Rosgidromet divisions in close cooperation with the Russian Geological Committee when investigating the consequences of the accident at the samples over a period of 6 hours, trace amounts of certain-144 and antimony-125 (10 -SO mCi/km 3 ) were detected. Separate ganunaspcctroinetric analysis of the suspended and dissolved fractions of the snow samples resulted in the finding that more than 80% of the activity was bound to the suspended fraction. Gamma spectrometry of molten snow samples without prior separation into a suspended and a dissolved fraction therefore yielded far too high results that could not be used for quantitative estimation of contamination. Nevertheless, the isotope composition and the share of the individual isotopes in total contamination can still be specified. Comparison of the values obtained by SPÅ "Typhoon" and ZapSibgidromet for the suspended and dissolved fraction of the soil and snow samples did not reveal any systematic deviations. However, a Kattering factor of 4-5 was reached. Scattering of the data can be explained by the inhomogeneous radioactivity of the samples, which is due to the existence of "hot" particles.
By means of gamma spectrometry of the soil samples, it was found out that the cesium-137 content exceeded gross contamination by a factor of 2-7. The latter had been caused by the emission A cesium-137 during the previous years of operation of the Siberian chemical combine. Existence of this contamination had been confirmed by the investigation results of the ZapSibgidromet experts in the years before the accident.
In numerous snow samples analyzed by SPA "Typhoon", also plutonium-239 and strontium-90 were identified. For plutonium-239 analysis, a method similar to that developed by the V.I. Vernadski Institute for Geochemistry and Analytical Chemistry was applied [4] . Plutonium-242 served as the tracer. The impurity components were removed by an anion exchange resin. Electrolytic separation of 8
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Sample
No. the sample to be counted took place on a stainless steel target. Alpha radiation of plutonium-239 was measured using a spectrometer of the type 570 A-450 R manufactured by the "ORTEC company. Strontium-90 was determined in accordance with the methods outlined in [5] . They had already been applied in 1990, when SPA "Typhoon" investigated intercalibrated IAEA samples with regard to their plutonium-239, plutonium-240 and strontium-90 contents. Agreement of the results with the basic values was found to be rather good.
The analytical results obtained with regard to the Pu-239 concentration of both suspensions of the particles contained in the snow water of the snow samples studied and filtered water samples are presented in table 2.3. According to the values indicated for the first five samples, at least 90% of the Pu-239 activity of the snow is bound to the water-insoluble, disperse phase of the radioactive fallout. A mean of 4% of the activity is found in the soluble phase only. For subsequent analysis, suspensions filtered from the snow water samples were applied. It is evident from the data given in table 2.3 that the densities of Pu-239 deposition on the snow exceeded 0.06 mCi x km" 2 . However, they were far below the maximum permissible ground contamination (100 mCi x km~J) specified in April 1986 after the Chernobyl accident.
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TWAl e tt Smøw stmpbs tdttm n tic mm tfftclti Af tic meaiemt (Tøtmsk-7) The values give« in table 2.3 (last column) are required lor the dctormiaatioa of the conversion factors. Using these factors, the Pu-239 content of the radioactive fallout may be calculated from the zirconium-95 activity that can be measured easily. The mean value of the Pu-239/Zr-95 activity ratios indicated in table 2.3 is 3.4 x 10~*. The root-mean-square error of the measurements and the mean value amounts to $ xlO~s and 2.6 x!0~*. respectively. From this it may be concluded that the mean value of the ratios above amounts to (3.4 ± 0.6) 10~4 with a probability of 0.95. The conversion factor from the zirconium-95 activity measured in a sample to its Pu-239 content range* from 1.6 x 10"* to 5.2 x 10~*. Thus, the most probable surface density at the sampling point of the snow sample M-3-I, the plutonium-239 content of which was not analyzed radiochemkaUy, was bund to be about 1 mCi x km" 3 . With a probability of 0.95, the value of 1.4 MfCi x km~2 was not exceeded.
The snow sample M-3-1 (or to be more precise, the portion analyzed by SPA Typhoon'*) was applied for preliminary estimation of the surface density of uranium deposition in the controlled area. According to the data published by the Siberian chemical combine. $773 kg uranium had been contained in the 6102/2 facility prior to the accident [I]. This i due almost completely referred to uranium-23$. The fractions of the other uranium isotopes were extremely small. The uranium-238 content of the sample to be investigated was determined by means of neutron activation analysis. It was found that surface density of the uranium-238 deposition on the snow amounted to 4$0 g x km -3 at the sampling point of sample M-3-1. Surface density of the alpha-activity resulting from uranium-238 was 0.16 mCi x km"-. This value may be derived from the known specific alpha-activity of uraaium-23Sof3.34 x I0~TCi x g" According to the data given in tables 2.3 and 2.4. the surface densities of plutonium-239 deposition on the snow at Grorgicvka are 0.12 mCi x km~3 and 0.20 mCi x km -3 , respectively. Hence, a mean value of 0.16 mCi x km" 3 is obtained. The deviations of the individual values measured from the mean value obviously result from macroscopic and microscopic inhomogeneilies of the plutonium-239 deposition field in the Grorgicvka area. These inhomogeneities may be caused by most of the alpha-and beta-active products being deposited on the surface of the snow in the form of "hot" particles having beta-activities of 10" " Ci/particie and more. According to preliminary estimates, the deposition density of these particles on the surface of the snow at the fringe of the Georgievka village (field path) amounted to about 4 x 10 3 particles/m 3 . Now, the special features of ground contamination by "hot" radioactive particles and their physical and nuclear-physical characteristics shall be investigated. According to table 2, values of (6.5 -7.5) mCi x km' 3 were attained for the surface density of Pu-239 contamination at certain points in the snow. These values corresponded to those of the sections with the highest contamination. But even in these cases, the values were found to be far below the maximum permissible ground contamination by plutonium-239. At measuring points with the gamuia dose rate ranging from 160 to 1800 u R x h~', a mean value of the Pn-239/zirconinm-95 activity ratio of (1.0 ± 0.34) x 10" The share of the uranium-235 portion of the sample measured in the total alphaactivity (1.05 mCi x km -2 is also taken into account.
far only few measured values have been made available with regard to ground contamination by Pu-239 in the area affected by the accident at the Siberian chemical combine. To obtain more reliable data about the existing contamination, far more measurements have to be carried out. Thirteen snow samples and 5 soil samples were analyzed by SPA "Typhoon" with a view to determine their strontium-90 content. The results are presented in table 2.5. In the snow, this radionuclide was mainly found in the dissolved fraction, i.e., the snow water. 13% of the strontium-90 was bound to the suspended particles only. According to our data, contamination density of the snow by strontium-90 was the highest in samples nos. 8 and 9. Here, values of 9.2 and 7.6 mCi/km 2 , respectively, were readied. Analysis of seven snow samples by ZapSibgidromet revealed that the strontium SO concentration of sample No. 1 (18.5 mCi/km 2 ) was twice as high as the maximum value determined by SPA "Typhoon". The other strontium-90 values were in good agreement with the values determined by "Typhoon" . Our values do not suggest any relation between the strontium-90 content and the content of gamma emitters in the samples. This can be explained by the fact that the latter are predominantly encountered in the suspended particles of the snow, while strontium-90 is mainly found in the snow water. At the measuring points, density of ground contamination by strontium-90 varied between 140 and 250 mCi/km 2 . These values were much higher than the contamination of the surface of the snow. Gross background radiation (35 mCi/km 2 ) was exceeded by a factor of 4-7. The higher ground contamination may result from emissions during previous operation of the combine. In certain areas, such emissions had been recorded by ZapSibgidromet experts in 1990 already.
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Risø-R-750(EN) Sr + 90 Y (this substance was usually applied at the combine), the activity of the isotopes above can be derived from ratio between their activity and the total beta-activity of the snow samples. The latter was measured using a gamma spectrometer and the RUB-01P beta-system calibrated to 90 Sr + 90 Y.
On April 12, 1993, snow samples were taken by ZapSibgidromet experts along the measuring routes Ml through M4 as well as at the village of Georgievka. As already mentioned above, determination of the total beta-activity and gamma spectrometry of the samples were performed both at the regional ZapSibgidromet laboratory, Novosibirsk and at SPA "Typhoon" in Obninsk. The ratios between the activities of the individual isotopes and the total beta-activity of the snow samples R/0 as well as the calculated activities Q 0 of the individual isotopes in the facility exploded during the accident are given below: 
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Hence, 3000 -3500 Ci were contained in the facility prior to the explosion. Assuming that at least one third of the products contained in the facility was released, a release rate of Q ~ 10 3 Ci is obtained. The most sensitive method for controlling the radioactive products released into the air during an accident is the sampling of the atmospheric fallout and aerosols. Radioactivity is measured daily by the stations belonging to the radiometrical network. According to the data transmitted to "Typhoon" by the stations determining the total beta-activity of the samples, a slight increase in the radioactivity concentration of the air and the precipitations was recorded by the Turukhansk station from April 8 to 10 only. On these days, atmospheric precipitation amounted to three times the mean value of the month of March. Concentration of radioactive aerosols was increased by a factor of 1.5 -2. This, however, was still within the From these data, the high radioactive contamination between km 28 and km 31 is clearly visible. Therefore, workers of the chemical combine carried out decontamination at km 29 of the road. Thus, the gamma exposure rates in the most contaminated sections could be reduced to 120 ^R/h. Along the fence around the combine premises, the gamma exposure rate ranged between 225 and 12 ftR/h from km 28.5 to 30. 
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Of all viltages located in the 30-km zone, only Georgievka suffered from contamination. The values measured there are indicated below. At the remaining 14 places (Malinovka, Aleksandrovskoe, kolkhoz "Rassvet", Kopylovo, Kuzovlevo, Bobrovka, Mikhailovka, Nadezhda, Dzerzhinski, Timiryazevo, Zerkaltsevo, Berezovka, Porosino and Nelyubino), gamma dose rate amounted to 7 -14 /iR/h between April 6 and 12, 1993. At the villages of Karakozovo, Tyukalovo, Yegorovo and Karyukina, a value smaller than 10 /iR/h was determined. At Tomsk-7 and Tomsk, the gamma dose rate was 12 /iR/h which corresponded to the natural gamma background. On the route from Naumovka to Georgievka, the gamma radiation field was found to have a spot-like structure:
3.0 km away from Naumovka, 3 m away from road 150-160 pR/h 50-100 m away from road 30 /iR/h 3.5 km away from Naumovka 17-30 /*it/h 1.0 km away from Georgievka, on the road surface 70 uR/h
After the accident, gamma exposure rate at Georgievka increased tr> 28-42 /iR/h. At certain points on the northern fringe of the village, even values of up to 60 /iR/h were recorded. The values measured at Georgievka are represented in Fig. 3.1 .
Here, the gamma exposure rates are given in f»R/h for certain points of the village. A mean dose rate of 27 /iR/h was attained. The gamma exposure rates on the streets were smaller, while on the untouched snow in the surroundings they were found to be very much higher. Here, values of 40 /iR/h were attained. In the fields outside of Georgievka, a value of 30 /iR/h was measured. The measurements on the surface of the ground thus revealed that radioactive contamination of the ground was extremely heterogeneous. This was attributed above all to the existence of hot particles in the aerosol products deposited on the snow.
The results of radioisotopic analysis of two snow samples taken at Georgievka six days after the accident (April 12, 1993) are obvious from table 3.3. According to these data, contamination at Georgievka was mainly caused by 95 Nb and 106 Ru, while 95 Zr was of minor importance. Contamination by 103 Ru could be neglected. AH these isotopes are relatively short-lived and, hence, did not appear when determining the composition of the gross radioactive background. They merely represented accident products. Background contamination by 90 Sr of global origin amounted to about 0.03 Ci/km 2 .
Therefore, concentration of this isotope in the snow could also be neglected. It must be pointed out that 90 Sr was almost exclusively contained in the aqueous fraction, while the gamma-emitting isotopes were bound to the suspended fractions. Total density of radioactive contamination at Georgievka was 1.6 Ci/km 2 . The contamination densities of the individual isotopes in the Georgievka area were calculated at a mean gamma dose rate of the entire village of N 7 " 0=27 /iR/h. They are given in the bottom line of table 3. On the basis of the data given in table 3.3, external gamma irradiation of the local population may be approximated. For this purpose, it is assumed that no migration of the population takes place. Shielding of the gamma radiation by the walls of the houses and production facilities is neglected. The film contamination of the ground (upper dose value) was calculated using the dose coefficients given in Annex 1 and taking into account the natural isotope migration into the ground.
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The calculations are obvious from table 3.4 (6] . Reduction of the radiation dose due to the penetration of the isotopes into the soil when digging the gardens and ploughing the fields was not taken into consideration. 
Prognosis of Contamination Resulting from Secondary Wind Transport
Judging from the geographical data of the contaminated area, about 10% of the territory is under agricultural use. This territory may be a source of air contamination, when the radionuclides deposited on the fields are transported by the wind. The greatest risk to the population consists in the intake of Pu-239 by inhalation. It therefore seems to be reasonable to estimate air contamination in the area under agricultural use. Air contamination may result from wind or mechanical transport of the deposited radionuclides. Mechanical transport takes place when the soil is cultivated using agricultural equipment or when traffic is passing. Now, air contamination resulting from wind erosion and mechanical impacts shall be estimated. According to the data obtained in the Chernobyl area [7] , the intensity of wind transport of recently deposited radionuclides amounts to 10~9 m -1 . Assuming that the area under agricultural use is ~ 10 km 2 with the height of the layer near to the ground surface being 50 zm and the contamination density by gamma and beta emitters ~ 5 Ci/km 2 (Georgievka), a maximum concentration of these emitters in the air near the ground surface of 5 x 10" 16 Ci/1 is obtained. This value is smaller than the corresponding dose coefficients DKB of these radionuclides by four to five orders of magnitude. In our case, air contamination by Pu-239 was 6 x 10-20 Ci/1 (DK B = 3x 10" n Ci/1). This value was calculated at a contamination density of 8 x 10" 4 Ci/km 2 . It allowed the conclusion to be drawn that contamination of the air due to wind transport of the radionuclide:: was insignificant and did not represent any danger to the population. Mechanical impacts may considerably intensify the wind transport of the radionuclides. The
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19 maximum values measured for the intensity of wind transport of Pu-239 are 10 -< s -1 and 10" s s~l for passing traffic and ploughing of the fields, respectively [8] . Let us now assume that maximum air contamination is caused by public and agricultural traffic passing in transverse direction to the wind. Thus, a stationary active source is generated, the intensity of which may be estimated as follows: On the basis of the investigations performed, it must be noted that wind transport of the radionuclides does not lead to a dangerous radiation exposure of the population.
Prognosis of Water Contamination
Estimated Radionuclide Concentration of the Samuska River
Following the accident at the chemical combine, also part of the catchment of Samuska river, a subsidiary stream of the Tom river, was exposed to the »adioac-tive fallout. The area covered by the trace was about 100 km 3 . According to the analyses carried out by the experts of SPA "Typhoon", the gamma dose was mainly caused by Ru-103, Ru-106, Zr-95 and Nb-95. As far as the alpha emitters were concerned, Pu-239 was of major importance. Total activity outside of the controlled area of the combine was estimated to range from 300 to 500 Ci. A significant part of the fallout was found to occur in the controlled area. According to the estimations, the total activity released amounted to about 800 to 1000 Ci. 
Contamination of the flood in spring
The fallout mainly deposited on the snow. Therefore, considerable washout of the radionuclides was expected to take place in the Samuska and Tom rivers when the snow would be melting. The parameters of the flood in spring, which were predicted by the ZapSibgidromet experts, are obvious from table 5.1. [7] , the distribution coefficient of Pu-239 is in the range of 10 3 -10 4 . For maximization of the estimations, the former value was selected. The washout factors were calculated in accordance with the method described in [12, 13] . It was found out that the washout factors of the dissolved phase amounted to about 5% and 1% for gamma and beta emitting radionuclides and for Pu-239, respectively. In the solid phase, the washout factor does not exceed 0-3% for all radionuclides. It must be pointed out that the estimated washout factors were too high by an order of magnitude at least. This was due to the assumption that all radionuclides were present in the exchange form. It is known, however, that the exchange form is 1 -5% of the irreversibly sorbed form only [11] . 
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by a factor of I0 : -10* even under the most unfavorable washout conditions. It must be taken into consideration that the limit value DKB was calculated for the annual standardized water consumption with the internal irradiation being 5 x 10-3 Sv. • total activity released 150 -400 Ci.
Supply of Information for the Estimation of
Oft the basis of the data recommended by the Rasgtdroraet experts, contamination density of the roost important radionuclides was calculated. The map plotted for the contamination density of Nb-95 is shown in Pig. 6.4 (the source was simulated by two simultaneous releases from the building affected (release height 30 m, 50% of the total activity) and the ventilation pipe (height 200 m, 50% of the total activity), respectively, at a deposition rate of the radioactive products of 0-15 m/s and an assumed total Nb-95 activity released of 400 Ci).
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The gamma dose rates at the measuring points (building affected, km 28 of the road from Tomsk to Samus, Georgievka) obtained by simulation at the calculated contamination density amounted to 10 -20% of the value measured. According to preliminary estimates based on the information available at that moment (April 10,1993) , agreement between the calculations and the measured values could have been achieved with 700 Ci at least. The corresponding calculations were carried out. The results obtained for the Nb-95 contamination density are presented in Fig. 6 .4 (the source was simulated by two simultaneous releases from the building affected (release height 30 m, 30% of the total activity) and the ventilation stack (height 200 m, 70% of the total activity), respectively, at a deposition rate of the radioactive products of 0.2 m/s). They were also transmitted to Rosgidromet.
Systematization of the measured values and data processing for an objective radiation analysis
The following data were processed for an objective analysis of the radiation exposure in the area of the chemical combine [1] :
• Gamma dose rate measured at km 28 of the road from Tomsk to Samus (10 measurements);
• gamma dose rates measured at ground level at different points and along 9 routes in the radioactive trace (about 300 measurements);
• gamma dose rates measured in the villages near the radioactive trace (16 villages);
• radionuclide compositions of the samples determined by the Rosgidromet analyses (11 samples);
• map of the gamma dose rate of the ground; it was prepared on the basis of the gamma aerial surveys performed by the experts of the Rosgidromet Institute for Global Climate and Ecology.
On the basis of the information available, a synthesized map of ground contamination outside the premises of the combine was set up (Fig. 6.5 ). Using a method developed at the data processing center of SPA "Typhoon", the data of the ground investigations as well as the map of the gamma dose rates prepared by the Rosgidromet Institute for Global Climate and Ecology were also taken into account. For the estimation of the maximum possible contaminations, a map of the gamma dose rates was set up taking into consideration the upper 90% of the confidence interval (Fig. 6.6 ).
As is shown by the map of ground contamination outside the premises of the combine (Fig. 6.7) , the contaminated area within the radioactive trace having a gamma dose exceeding 15 ftR/h is 89 km 2 in size. The total energy released of the radioactive products in this area amounts to 3420 /<Rx km 2 /h. According to the map taking into consideration the upper 90% of the confidence interval (Fig.  6.8, upper estimate) , these values amount to 135 km 2 and 7150 fiR x km 2 /h, respectively.
By means of the values obtained by analysis of the 11 snow samples, the following mean radionuclide composition of the trace was determined: Ru-106 -31%,of the major radionuclides were prepared (Figs. 6.9 through 6.11). The total of  the radioactive products in the area covered by the trace is 350 (730) 
In March 1993 already, an aerial survey of the gamma background had been carried out by ZapSibgidromet along several routes. On the basis of the values obtained, a gamma background of N\^ a lOjjR/h can be selected for the formulas (7) through (12).
